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The overuse of fossil fuels and the concern over environmental problems have led to an increasing interest on renewable energies worldwide. Biomass and specifically agricultural residues have emerged as suitable feedstock for new energy recovery processes due to its capacity for energy production, with High Heating Values (HHV) around 15MJ/kg [1] . Their high production rates and the necessity of finding them a better and sustainable management have pointed them out as a feasible alternative to traditional fuels.
In this work, the residues of kaki (Diospyros kaki), member of the Ebenaceae family, and especially the variety Rojo Brillante (European Protected Designation of Origin (PDO) label), commonly named persimmon, have been studied for their application in energy recovery processes. According to FAO, the annual production of kaki is more than 4·10 9 kg; the main producers are China (3.3·10 9 kg), Republic of Korea (3.9·10 8 kg) and Japan (2.1·10 8 kg). In Europe, Italy is among the top producers (5·10 7 kg in 2011) [2] .
Persimmons adapt perfectly to the Mediterranean climate and prefer clay and well drained soils. The fruit is harvested in the period of September to December. During their cultivation, different types of pruning are carried out: growth, to give the shape of the adult persimmon and fruiting and maintenance, to avoid both the breakage of the branches when the fruit reaches a certain weight. The harvest of persimmon presents some negative environmental aspects related to its residues. Firstly, leaves have a long period of degradation and tend to accumulate on the ground impeding the absorption of water. In addition, the action of the wind can cause obstructions in irrigation channels. Also, persimmon branches are fragile and due to the weight of the fruit, even if all necessary pruning are successfully performed, they tend to break due to wind and rain, producing large crop losses.
The main components of the residues of persimmon are water, lignocellulosic compounds (i.e. hemicellulose, cellulose and lignin) and extractives (i.e. tannins). They also present a great compositional and morphological heterogeneity and thus, an initial study of their thermal properties becomes essential to understand the degradation mechanism of these solid-state reactions prior to its use as energy vectors.
Gasification has been defined as the most convenient technique for thermo-chemical conversions of biomass [3] . A wide range of reactor configurations have been proposed to perform these reactions such as Fixed Bed Reactors, Fluidised Bed Reactors or Spouted Bed Reactors (SBR) among others [4] . However, the industrial scale implementation requires an in-depth understanding of the thermal behaviour of the biomass when submitted to high temperature reactions. Kinetic analysis of heterogeneous reaction systems has become an essential tool for the assessment of the best operational conditions regarding feasibility, design and scale-up of the industrial biomass applications [5] .
Valuable parameters for the design and optimisation of the device are obtained by application of Thermogravimetric Analysis (TGA) [6] based on the monitoring of the mass loss of a sample as a function of temperature or time when submitted to a controlled heating programme.
For the stated reasons, the main objective of this work is to study the thermo-oxidative behaviour of the lignocellulosic residues of persimmon through the application of TGA analysis to evaluate their suitability for their use as energy vectors in gasification reactions. In addition, an Evolved Gas Analysis (EGA) has been applied to study the composition of the gas emitted during the process. This kinetic information will be used for the development of a technology based on Spouted Bed Reactors and an energy study in a large-scale gasification process will be further performed with the calculated apparent kinetic model.
Materials and methods

Materials and sample preparation
Persimmon residues (peel, calyx, pulp, leaves and stems) were collected from the region of Valencia (Spain). The samples were washed, dried in ambient air and milled to produce powders ( Figure 1 ). The preliminary TGA thermograms (as shown in Figure 2) show that peel, pulp and calyx presented high initial moisture contents in their compositions and, as a consequence, their application in energy valorisation processes would require a high energy input to dry the samples. These residues will addressed to a material valorisation for example as source of tannin [7] but it will not be discussed as it is out of the scope of the present work. The thermal characterisation for energy recovery purposes will be focused on the use of leaves and stems. Their compositions are reported in Table 1 . The size of particle was approximately 3mm (±0.5) in all cases. The higher heating value was obtained by application of the relation by Channiwala and Parikh [8] :
(1)
Where C, H, S, O, N and A are the content (%w/w) of carbon, hydrogen, sulphur, oxygen, nitrogen and ash in the samples. The calculated HHV was 13.1 MJ/kg (leaves) and 17.3 MJ/kg (stems) indicating the suitability of the residues of persimmon fruit for thermo-chemical conversion processes. 
Thermogravimetric analyses
Multi-rate non-isothermal Thermogravimetric Analysis (TGA) was carried out in a Mettler Toledo TGA/SDTA 851 (Columbus, OH). Samples weighing about 5 mg were heated in an alumina holder with capacity for 70µl. Experiments were performed from 25ºC to 800ºC at different heating rates (ß=5, 10, 15, 20, 25, 30ºC/min) under a constant flow of 50 ml/min of gas of analysis. All samples were analysed under oxidant (O2) atmosphere to characterise the thermo-oxidative process and under inert conditions (Ar) to evaluate the effect of the atmosphere of work on the process through the assessment of the reactions of pyrolysis. Assessment was performed with the aid of the software Star e 9.10 from Mettler Toledo. All the experiments were repeated three times to ensure their reproducibility and the average values were considered as representative values.
Evolved Gas Analysis
Evolved Gas Analysis (EGA) was applied for the analysis of fumes released by combustion by means of coupled TGA/FT-IR experiments. The temperature range of study was 25-600°C with a heating rate equal to 1°C/min. Sample weighting 40 mg aprox. were heated in an alumina holder with capacity for 900 μL. The flow rate of oxygen was fixed to 25 mL/min. FT-IR gas-phase spectra were collected by a previously calibrated Thermo Nicolet 5700 FT-IR Spectrometer (MA, USA) in the range 4000-600 cm -1 of wave number at a resolution of 4 cm -1 . Both transfer line and gas cell were kept at 250°C to prevent gas condensation. The spectra were analysed with the aid of software OMNIC 7.0.
Results and discussion
Thermo-oxidative decomposition profiles
The thermal performance of the different materials was initially addressed. The thermogravimetric curves (TG) and their first derivative curves (DTG) were obtained for each sample at all heating rates β and compared between them. Figure 2 represents the TG (a) and DTG (b) curves of leaves and stems at β=10ºC/min under oxidative conditions. In addition, the study of the use of the residual fruits (peel, pulp and calyx) after the harvest was also evaluated but they were not found to be suitable for energy recovery systems and for that reason, the thermal characterisation will be focused on the use of leaves and stems for energy purposes. The thermograms reveal two well-differentiated stages in all cases: firstly, the pyrolysis and heterogeneous oxidation reactions (Stage I) and, secondly, a broad region attributed to a further combustion of char (Stage II) [9] .
The highest weight loss of the thermo-oxidative process occurred in the range 400-800K as shown in Figure 2 . Below this temperature, only moisture and extractives evolved. A small peak at 440K was found for the leaves of persimmon. This peak was clearly observed for the pulp and peel and was assigned to the degradation of tannins present in the fruit, also in accordance to previous works. [7] .
The main decomposition stage for both leaves and stems was attributed to the degradation of the lignocellulosic fraction of biomass. Hemicellulose was the least stable component followed by cellulose, which presented a narrow peak at 600K. Lignin had a wide range of decomposition temperatures, resulting in high char yields, which burnt at the highest temperatures (around 773K). Above 900K, a minor weight loss for leaves was observed, mainly related to the further combustion of the produced chars as a result of the high temperatures achieved. Finally, an averaged quantity of 15 and 5% of ash (in leaves and stems respectively) was obtained as the final residue of the reaction.
Both TG and DTG show that the decomposition rate is highly related to composition of biomass. It is more than evident that the overall decomposition process should be taken as the sum of several pseudo-components (represented by each of the obtained peaks). Moreover, the existence of shoulders evidenced the degradation of more than one component in that range of temperatures. For this reason, a deconvolution process was carried out in order to individually characterise the thermo-oxidative behaviour of each pseudo-component. The deconvoluted curves of leaves and stems of persimmon and their fitting on the original data are represented in Figure 3 at different heating rates. All the curves were fitted to a Gaussian curve according to (2) :
with A, xci and wi being the fitting parameters and n the total number of pseudo-components Table 2 . the temperatures of decomposition (Tpi, i=pseudo-components) and their associated mass losses (∆mi) and maximum rates of decomposition (
( α According to the calculated values, the percentage of each lignocellulosic compound in the samples was approximately 24% (±15), 28% (±15) and 48% (±20) for leaves and 40% (±6), 42% (±7) and 18% (±7) for stems. These results are in line with previous studies [10] where both hemicellulose and cellulose were found in higher percentage in stems than in leaves for the case of different types of biomass. Also, a higher quantity of char was observed in leaves respect to that of stems, as it is also the case of the residue of persimmon.
In order to study the reactions of pyrolysis of the samples, stems and leaves were submitted to a new set of themogravimetric experiments using Ar as carrier gas at a fixed β=10°C/min ( Figure 4) . As expected, the use of an inert atmosphere resulted in a shift to higher temperatures for the characteristic peaks as a result of a less reactive environment. Moreover, the peaks related to the combustion of char (Stage II) were more evident and sharper in oxidative conditions respect to those with an inert carrier gas. It was thus confirmed the influence of the atmosphere of work on the decomposition processes of both leaves and stems, especially on the stage corresponding to the combustion of char, where the high concentration of O2 at high temperatures promotes its further interaction with the products of previous stages [8] .
. 
Thermo-oxidative stability under any linear heating rate
Lignocellulosic biomass is commonly stable until 425 K. Minor mass losses associated to the removal of free moisture and hydrolysis of some extractives occur at low temperatures [6] . Furthermore, the degradation of the principal constituents can be categorised into discrete temperature ranges. This enables the control of the decomposition process at any temperature and provides information to elucidate what products can be mainly obtained according to the component being preferentially decomposed.
With this purpose, the range of stability of leaves and stems of persimmon under reactive atmosphere was evaluated. The prediction of the minimum decomposition temperatures for each of the pseudo-components in the samples permitted to evaluate the trigger of decomposition and the most suitable temperatures of work according to the desired preferential products. Figure 5 shows the evolution of the previously calculated characteristic temperatures (Tpi, i = pseudo-components) of leaves (a) and stems (b) at all heating rates under reactive environment and their associated error values in form of error bars. As it was expected, faster heating rates led to higher characteristic temperatures due to heat transfer limitations [6] . In order to avoid this influence of linear heating procedures in the evaluation of the characteristic temperatures (i.e. help functionalise the thermal stability under combustion processes), the temperature obtained when the heating rate tends to zero (TB0) was calculated according to a previously developed methodology [11, 12] . That way, TB0 was used to evaluate the thermo-oxidative stability of all samples at each decomposition stage: TB0M permitted to evaluate the minimum temperature required for the removal of moisture; TB0H, TB0C and TB0L were used to evaluate the trigger of decomposition of each component (i.e. hemicellulose, cellulose and lignin respectively) and TB0char provided the temperature to start the combustion of char. Table 3 presents the fitting parameters, the fitting regression coefficient and the value of TB0 for each decomposition stage. 
Decomposition kinetics
The kinetics of decomposition is an essential parameter for the correct design of a device for thermal conversion processes. They define the start-up conditions to be applied to the system to initiate the thermal process and also provide information on the reaction times required to complete the thermo-chemical conversions. Figure 6 shows the procedure that was carried out to calculate the kinetic triplet that describes the combustion reactions of leaves and stems of persimmon. Figure 6 . Procedure for the calculation of the kinetic triplet
Apparent activation energies
The iso-conversional methods Flynn-Wall-Ozawa (FWO) [13] , Kissinger-Akahira-Sunose (KAS) [14] and Vyazovkin (VYZ) [15] were applied to evaluate the dependence of the apparent activation energy (Ea) with the conversion degree α . The three mentioned methods were selected in order to calculate the Ea according to different approaches: linear integral methods (FWO and KAS) and non linear integral methods (VYZ) using the approximation of Senum-Yang truncated to the fifth term [16] . VYZ provides the most accurate results as the calculations are based on minimisation methods. FWO and KAS were also applied to confirm and complement the results. The iso-conversional methods were applied to each of the deconvoluted curves (previously calculated in Section 3.1) to obtain the kinetic function describing the reactions for each component and their associated stage of combustion of char.
The temperature range for all the kinetic studies was considered above T~425 K as, at temperatures below this value, only moisture and absorbed water was removed and its kinetics did not exhibit differences with the change of heating rates. The calculated values corresponded to the range of conversion α=0.2-0.8 where the main reactions took place. Figure 7b shows the results of the evaluation of the apparent activation energy (Ea) of the component hemicellulose in stems (full symbol) and leaves (empty symbol) with the variation of the conversion degree obtained by FWO, KAS and VYZ methods. The calculated Ea shows a good agreement between the three methods and a constant trend in the range of study. The same behaviour was observed for all components for both leaves and stems but is not presented for the sake of conciseness. Table 4 gathers the values of the averaged calculated apparent activation energy (Ea) in the range of study for each pseudo-component by application of the previously mentioned methods. The error values correspond to the difference among the three repetitions performed for all samples to ensure the reproducibility of the experiments. Additionally, Table  5 presents the averaged values of activation energy for each component for leaves and stems where, in this case, the error values are referred to the variation among the results obtained by the application of the three different methods. The obtained results are comparable to those obtained in previous works for the combustion of sugarcane bagasse [17] and cardoon stems and leaves [18] in which the calculated values ranged from 50-180 kJ/mol (hemicellulose), 72-256 kJ/mol (cellulose) and 21-77 kJ/mol (lignin).
Evaluation of the pre-exponential factor and the order of reaction
Iso-conversional methods allow estimating the activation energy of a reaction without previous assumptions on the reaction model. In order to obtain the complete kinetic triplet, the pre-exponential factor and the model and exact order of reaction were calculated. An initial assessment of the mechanism of reaction was performed with the aid of the Master Plots (MP) [19] . Figure 8 shows the MP of hemicellulose (a) and hemicellulose char (b) in stems at 10ºC/min. By comparison with the theoretical curves (Kinetic Models: Dn: diffusion controlled, red lines, An: nucleation and growth, blue lines, Fn: n-order reaction, green lines, Rn: reaction controlled, black lines), the model which best fitted the experimental curves (purple line) was obtained. As shown in the figure, the resulting prevailing model was Fn to describe the first stage of decomposition (i.e. pyrolysis and heterogeneous reactions of hemicellulose, cellulose and lignin) and it changed to an An model which was found more suitable to describe the combustion of all the produced chars. According to the models, the initial stage of decomposition would be produced as a result of a reaction which rate is proportional to the fraction of remaining reactant. On the contrary, the model based on nucleation obtained for the combustion of char could be the consequence of the creation of different reaction sites in the previous stages of reaction, with a more similar mechanism of reaction to those found in heterogeneous reactions [20] . Finally, the application of the Coats-Redfern equation (3) [21] permitted to calculate the pre-exponential factor and the exact order of reaction according to the previously obtained mechanism. According to this criterion, the points [x,y] should lie on the same straight line to all heating rates. Figure 8 shows an example of the application of this criterion for hemicellulose (c) and hemicellulose char (d) in stems where it is observed that all points in the range of study laid on the same line.
with g(α) being the integral form of the model previously obtained [19] .
As a result of the calculations performed, the pre-exponential factor (ln A) was calculated from the intercept of the line with the axis. The order of reaction was firstly calculated with the aid of MP (n-MP) and, once the model was fixed, n was analytically recalculated (n-analytical) showing a remarkable good agreement between the two results. The results of all the parameters are presented in Table 6 . 
Evolved Gas Analysis
The emission of gases during the thermo-oxidative decomposition of the biomass was monitored by in-line FT-IR analysis. Figure 9 shows the spectrum of evolved gases at the reaction times in which the main decomposition processes took place (according to Section 3.1). The main detected evolved species from the combustion of stems and leaves were: CO2 [2349 1 ) and the vibration of the groups C=O (1740-1720 cm -1 ) and C-O-C (1270-1060 cm -1 ) were also clearly identified in all the spectrums. As it can be seen, the peaks corresponding to CO and CO2 evolve with bigger intensity with the increasing time in both leaves and stems cases indicating the enhancement of combustion reactions.
Overall, the obtained kinetic parameters for the two studied residues presented similar values, also comparable to those for other residues produced in the same period of the year (i.e. rice straw [22] ). This fact enables the possibility of mixing them to perform their joint valorisation, avoiding high separation costs and promoting the use of renewable sources. This information will be used for the design of a Spouted Bed Reactor that will carry out the thermo-chemical reactions for the energy valorisation of the described waste. 
Conclusions
The residues from the harvest of persimmon are available biomass that can be used as renewable feedstock for energy recovery purposes. The assessment of the kinetics of the thermo-oxidative chemical reactions permitted to obtain the initial parameters to help design the Spouted Bed Reactor and it is envisaged that they will be used in a computer simulation software to achieve a better understanding of the process to obtain the optimum operational parameters.
Stems and leaves of persimmon were found to be highly heterogeneous and, thanks to their similar composition, both presented similar decomposition profiles yielding similar evolved gases. Moreover, the calculated kinetic parameters were found to be comparable to other lignocellulosic materials describing the thermo-oxidative reactions, proving the feasibility of their energetic valorisation also mixed with other residues, as for example rice straw, promoting its use as renewable resources with economic associated benefits .
